The phase transition behaviors of a supported bilayer of dipalmitoylphosphatidylcholine (DPPC) have been systematically evaluated by in situ sum frequency generation (SFG) vibrational spectroscopy and atomic force microscopy (AFM). By using an asymmetric bilayer composed of per-deuterated and per-protonated monolayers, i.e., DPPC-d75/ DPPC and symmetric bilayer of DPPC/DPPC, we were able to probe the molecular structural changes during the phase transition process of the lipid bilayer by SFG spectroscopy. It was found that the DPPC bilayer is sequentially melted from the top (adjacent to the solution) to bottom leaflet (adjacent to the substrate) over a wide temperature range. The conformational ordering of the supported bilayer does not decrease (even slightly increases) during the phase transition process. The conformational defects in the bilayer can be removed after the complete melting process. The phase transition enthalpy for the bottom leaflet was found to be approximately three times greater than that for the top leaflet, indicating a strong interaction of the lipids with the substrate. The present SFG and AFM observations revealed similar temperature dependent profiles. Based on these results, the temperature-induced structural changes in the supported lipid bilayer during its phase transition process are discussed in a comparison with previous studies.
Introduction
The cell membrane separates the intracellular components from the extracellular environment and plays important roles in a variety of cellular processes such as cell adhesion, ion conductivity and cell signaling. [1] [2] [3] Therefore, tremendous attention has been focused on its chemical and physical properties. One of the important properties is the thermal-induced phase transition of the cell membrane. Usually, the membrane actively functionalizes in its liquid phase. It is known that the phase transition for the membrane occurs around the melting temperature (Tm) of lipids. [4] [5] The phase transition process can significantly affect many of the physical and chemical properties of the cell membranes, such as conformation ordering, [6] [7] [8] [9] rate of the flip-flop process, 10 molecular density 11 as well as the enzymatic activity. [12] [13] [14] [15] The phase transition behaviors of the cell membranes have been investigated using different model systems, such as the lipid vesicle, lipid monolayer, and supported lipid bilayer. Differential scanning calorimetry (DSC) measurements showed that the phase transition of the large multilamellar vesicles (LMVs) of lipids occurs at the Tm with a very narrow temperature transition range (< 1°C). 5, [16] [17] [18] The temperature range for the phase transition becomes wider by downsizing the vesicles. The phase transition for small unilamellar vesicles (SUVs) with diameters of 15-50 nm could occur in a temperature range wider than 10°C due to its high surface curvature. [18] [19] [20] By using Fourier transform infrared (FTIR) absorption spectroscopy, Mantsch et al. reported that the hydrocarbon chains of the LMVs of dipalmitoylphosphatidylcholine (DPPC) become disordered during the phase transition around 41°C. [8] [9] Recently, the supported lipid bilayers are getting more attention as a model system to study the fundamental processes of the biological membrane. [21] [22] The supported lipid bilayer can provide a wide and flat area that can be studied by other techniques such as 3 DSC, 23 infrared and Raman spectroscopy, [24] [25] sum frequency generation spectroscopy (SFG), [26] [27] [28] [29] and atomic force microscopy (AFM). [30] [31] [32] [33] [34] [35] [36] Bain and coworkers investigated the phase transition process of a supported lipid bilayer prepared by the fusion of SUVs onto a fused silica surface by Raman spectroscopy in a total internal reflection geometry. 24 They reported that the chain disordering and the tilt angle of the lipids increase with temperature.
They also found that the phase transition for the supported lipid bilayers occurs over a wide temperature range (~10°C), commencing at the calorimetric phase transition temperature.
The morphological changes in the supported lipid bilayers prepared from the LMV suspension during the phase transition have been evaluated by AFM. In the early stage, a one-step transition behavior at Tm, i.e., the gel phase directly melts into the liquid phase, was observed. [37] [38] [39] Leonenko et al. later reported a two-step transition behavior of a supported DPPC bilayer on the mica surface ( Fig. 1a) . 30 In this model, the gel phase changes into the "liquid disorder phase" above the Tm, while an intermediate state of the "liquid order phase" is present at the Tm. Similar morphological changes were also observed by other groups, but a somewhat different model was proposed to explain the phenomena. [33] [34] [35] This later proposed model ( Fig. 1b ) suggested that the top leaflet adjacent to the solution first melts into the liquid phase near the Tm (the intermediate state of the "partial melting of the bilayer" was called the "crack phase", Fig. 1b ), and then the bottom leaflet starts to melt with the increasing temperature. The full melting process occurs in the temperature range of ca.
10°C. The two-stage model ( Fig. 1b ) agrees with the previous DSC results obtained for a supported lipid bilayer on a mica surface showing split phase transition peaks around the Tm. 23 The phase transition behaviors seem to be significantly affected by the interaction of the lipids with the substrates. On the other hand, Seeger et al. reported that the decoupled phase transition of the supported lipid bilayer is also influenced by their surrounding environments, such as the ionic strength, pH as well as the lipid types. [40] [41] Recently, by utilizing the advantage of the high surface sensitivity and selectivity of sum frequency generation (SFG) vibrational spectroscopy, [42] [43] [44] [45] [46] [47] Conboy and coworkers reported an SFG study on the structural changes of the supported lipid bilayers on a fused quartz surface during the phase transition. [26] [27] [28] They found that the SFG intensity of the methyl group of the phospholipid's alkyl chains shows a maximum near the Tm with a wide temperature response (~10°C). Thus, they suggested that SFG spectroscopy could be used to probe the Tm of the supported lipid bilayer. They proposed a domain dislocation model ( Fig. 1c ) and domain size disparity model ( Fig. 1d ) to explain the temperature dependent SFG behaviors for the supported lipid bilayer. At a temperature near the Tm, the first model suggests that the same amount of lipids are melted in both the top and bottom leaflets but at different positions, while the latter model proposes that the different sizes of the gel and liquid domains are present in the two leaflets. Both models could generate a large asymmetry in the lipid bilayer at the Tm, thus contributing to the SFG signals. These models 5 are different from those proposed from the AFM observation mentioned above although the latter one ( Fig. 1b ) can provide the largest asymmetry between the top and bottom leaflets in the bilayer and thus can also explain the SFG signal maximum at the Tm. [33] [34] [35] It is hard to simply judge which model is correct or not since these AFM and SFG measurements are carried out under somewhat different sample preparation conditions in different groups. For example, most of the supported lipid bilayers for the AFM observations were prepared by the vesicle fusion method, [33] [34] [35] while those for the SFG observations were prepared by the Langmuir-Blodgett (LB) method. [26] [27] [28] [29] One may argue that the difference in the model could be attributed to the different experimental conditions.
To clarify the discrepancy in these models, a careful study is highly desired by using these two probing techniques under similar experimental conditions.
In the present study, both the broad-band SFG and AFM approaches were used to investigate the phase transition behaviors of a DPPC bilayer under the similar conditions.
The broad-band SFG system allows us to continuously record the SFG spectra in a wide region (~ 250 cm -1 ) and thus we are able to get more information than previous SFG observations with higher time resolution. Based on these systematic observations by the two techniques, we are able to obtain a comprehensive understanding of the phase transition behaviors of the supported lipid bilayers.
Experimental

Sample preparation
The conditions for the preparation of the lipid bilayers are the same as in our previous studies. [48] [49] The per-protonated DPPC and per-deuterated DPPC-d75 were purchased from Sigma-Aldrich and Avanti Polar Lipids, Inc., respectively. The lipid monolayers were first prepared by spreading a 1 mg/ml chloroform solution of DPPC on the pure water subphase in an LB trough (FSD-500, USI). The upper and lower leaflets for the supported while that of the SFG measurements were performed in pure water. As will be described later, no difference in the AFM images was observed between those in pure water and Tris-buffer solution in the present study.
AFM measurements
An Agilent 5500 (Agilent Technologies, USA) was used in the tapping mode at the typical scan rate of 1 Hz. The silicon nitride (Si3N4) cantilever (Olympus, RC800PSA-1) has a spring constant of 0.76 N/m, a resonance frequency of ~10 kHz, and tip radius of 20 nm.
All the height mode AFM images were acquired under in situ conditions in solution.
Imaging was conducted with a small force to limit the destruction of the lipid bilayer.
Typically, it took 4 min to record one AFM image (256 × 256 pixels per image). 36 
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The temperature control during the AFM observation was realized using the Peltier sample stage (Agilent Technologies, USA). The sample stage was connected to a temperature controller, Model 332 (Lake Shore Cryotronics, Westerville, OH, USA), providing a heating current to the sample stage. The typical heating rate was 5.0 K/min. A thermocouple (type K) was installed in the AFM cell to monitor the temperature though a digital multimeter (Agilent 34401A) and its temperature output was recorded by a personal computer through a USB interface (1 point / 2 seconds).
The temperature in the AFM cell was controlled between room temperature (ca. 24°C) and ca. 55°C with a temperature step of 0.5°C. After the temperature reached the desired value, the AFM observation was paused for at least 20 min to ensure equilibrium at that temperature and then the cantilever re-approached the bilayer surface to start the next AFM observation. Thus, the AFM images were usually acquired in different areas as the temperature was changed. At least two sequential AFM images with the same ratio of different phases were obtained before the next temperature step. Nevertheless, since the bilayer surface is believed to be uniform in a region of m order, the morphologies obtained on the different positions of the sample are generally the same on average. For example, the ratios of the different phases in the bilayer have been characterized on different areas of the bilayer, and no difference could be found under the same conditions when the imaging area is greater than 1 m 2 . The solution was refreshed every 2 hours by adding a pre-warmed solution at the same temperature.
The AFM images were analyzed by the Scanning Probe Image Processor SPIP 5.1.2 (Image Metrology A/S, Denmark) and the time mark associated with each image was taken as the end of the scan.
SFG measurements
A broad-band SFG system 50-51 consisted of a Ti:sapphire oscillator and a regenerative amplifier pumped by a Nd:YLF laser generating a 2.2 mJ output at 800 nm with a 120 fs 8 pulse duration and a repetition rate of 1 kHz. Half of the output was used to pump an optical parametric amplifier system to generate an IR wavelength tunable from 2.5 to 10 μm with a spectral width of ca. 250 cm −1 . The remaining output from the amplifier was sent to a homemade spectral shaper to generate a narrow-band pulse (~10 cm −1 ) at 800 nm for improving the spectral resolution.
Incident angles of the visible (800 nm) and infrared beams were 70° and 55°, respectively. In the present experiment, the central wavelength of IR beam was fixed at 3.50 μm for C-H stretching (2800 ~ 3000 cm -1 ) for the per-protonated DPPC and 4.50 μm for the C-D stretching (2000 ~ 2300 cm -1 ) for the per-deuterated DPPC-d75. The SFG spectra were recorded with the polarization combination of both the ssp (s-SFG, s-visible and p-IR) and ppp.
All the SFG measurements were carried out under in situ conditions in contact with an aqueous solution. The temperature of the SFG cell was controlled by a water jacket attached through a chiller (NCB-3200, EYELA) between 5 to 75°C. The typical heating/cooling rate was 0.22°C/min, which allows a sufficient temperature resolution with a continuous temperature dependent SFG measurement (1 spectrum/min). No difference was found for the lower heating/cooling rate. A thermocouple installed in the cell was used to monitor the temperature of the supported lipid bilayer.
Results and Discussion
Phase transition behavior of the supported DPPC bilayers studied by SFG
The in situ SFG measurement was carried out between 12°C and 55°C. Figure 2 shows a series of the temperature dependent ssp-polarized SFG spectra (2800-3000 cm -1 ) for an asymmetric DPPC-d75/DPPC bilayer deposited on a CaF2 surface during the heating process. Due to the asymmetric structures of the bilayer design, we were able to selectively probe the bottom leaflet, namely that adjacent to the substrate, i.e., DPPC layer in the C-H stretching region. Before heating, the as-prepared asymmetric bilayer showed two major peaks at 2878 and 2938 cm -1 . 29 The two peaks can be assigned to the symmetric C-H stretching (CH3,ss) and Fermi resonance (CH3,FR) between the C-H symmetric and . In addition to the population difference, the spectral intensity and shape can also be affected by the structural difference between the two leaflets in the supported bilayer. Figure 2b shows the intensity changes of CH3,ss as a function of the temperature (black solid circles, Fig. 2b ). As the bilayer is heated, the spectral intensity seems to be constant until ca. 30°C (denoted as stage I). The spectral intensity then gradually decreases to a local minimum around 40°C (denoted as stage II) and further increases to a local maximum around 47°C (denoted as stage III) and finally drop to low signal level at higher temperatures. No new peaks and peak position shift are observed during this heating process.
During stage I, the bilayer seems to keep the same structure with heating. As the temperature is raised to stage II, the rate of the Fig. 1d ) to explain the observed behaviors, especially the SFG spectral maximum during the phase transition process. 27 Although these models could predict a local maximum of the SFG spectral intensity during the phase transition temperature by considering the structural differences in the top and bottom leaflets, these are not the only structures that can give the present temperature dependent SFG behaviors. Other models, for example, the crack phase model in Fig. 1b , can also explain the temperature dependent behaviors. Additional evidence is necessary to clarify the real structural changes.
Furthermore, as already mentioned, these models ( Figs. 1c and 1d) are contradicted by the recent in situ AFM observations of a similar system. It should also be mentioned that here although the temperature dependent profiles are similar to those previously reported by Conboy et al. for an asymmetric bilayer of DPPC on a fused quartz surface, the local minimum and maximum of the SFG signals for the asymmetric bilayer on the CaF2 substrate surface (Fig. 2) are approximately +5°C higher than Conboy's results. [26] [27] [28] As will be discussed later in this paper, the interaction between the lipids and substrate significantly affect the phase transition enthalpy of the bilayer; one of the possible reasons for the difference is expected to be a stronger interaction between the DPPC and CaF2 substrate. This may also partially relate to the differences of the heat conductivities of the different substrates. Nevertheless, as will be discussed later, the phase transition mechanism does not change with the substrate. In order to compare this with previous studies, a fused quartz substrate was adopted for other SFG observations only in the C-H stretching region of the study.
Although only a very small spectral change was observed in stage I, we found that the tilt angle of the alkyl chain of DPPC slightly changes with temperature before the phase transition. The ppp-polarized SFG measurement demonstrated that the tilt angle of the alkyl chain increases with temperature from 0 (±3) degrees (10 o C) to 12 (±3) degrees (30 o C) for the DPPC both in the top and bottom leaflets of the supported bilayer (see Fig. S1 in Supporting Information). Similar changes in the tilt angles of the supported lipid bilayer have previously been reported by Bain and coworkers using in situ ATR-Raman observations. 24 Unfortunately, as the temperature increases, the flip-flop rate is significantly accelerated, so the asymmetric features of the bilayer quickly disappear, thus the present spectral analysis becomes difficult.
On the other hand, it was found that the spectral intensity for CH2 changes in a similar way as that for CH3 with temperature. To investigate the structural disordering during the heating process, the ratios between the peak amplitude of the CH2 and CH3 peaks at different temperatures were determined from the in situ SFG spectra (red solid blocks, Fig.   2b ). This ratio is widely employed to characterize the conformational disordering of organic molecules with long alkyl chains. [50] [51] [52] [53] As shown in Fig. 2b , the ratio remains constant during stage I and starts to decrease in stage II to a lower value in stage III. This indicates that the conformation ordering does not decrease (even slightly increases) during the phase transition process. This result is different from those previous DSC and Raman observations which reported that the bilayer became more disordered during the phase transition. The present SFG observation is expected to be more reliable due to SFG's unique and high responses to the conformation disordering such as gauche defects. In fact, the SFG peak for the CH2 peak completely disappeared during the cooling process from the liquid phase to gel phase even when the temperature was reduced to room temperature (Fig. S2 , see Supporting Information). This implies that the conformational defects in the bilayer are removed after the full melting process. On the other hand, our SFG results suggest that the phase transition behavior of the supported DPPC bilayer was not fully reversible during heating and cooling process (see Fig. S2 ).
The asymmetric lipid bilayer is a nice approach to investigate the structural changes in Due to the symmetric structure of DPPC/DPPC, the flip-flop process will not affect the SFG spectral intensity and it is easier to figure out the origins for the spectral changes with temperature. Figure 3a shows a series of ssp-polarized SFG spectra (2800-3000 cm -1 ) for the symmetric DPPC/DPPC bilayer on a fused quartz surface during the heating process. Two peaks are observed at 2878 and 2938 cm -1 , which can be attributed to CH3,ss and CH3,FR of DPPC. No peak attributed to CH2 is observed. The symmetric bilayer (Fig. 3a) shows much lower spectral intensity in comparison to the asymmetric bilayer ( Fig. 2a ). This is reasonable since the terminal CH3 groups of the alkyl chains in the symmetric bilayer locate face-to-face and thus their SFG contributions are cancelled out by the destructive interference. The SFG peaks are still weakly observed since the top and bottom leaflets in the DPPC/DPPC bilayer are not exactly identical in their chemical environment. A small difference in molecular density between the top and bottom leaflets may also contribute to the SFG spectrum for the symmetric bilayer. Figure 3b shows the peak intensity of CH3,ss as a function of temperature. The peak intensity for CH3,ss slightly increases with temperature and starts to quickly increase when the temperature is higher than 35°C. A local maximum for the SFG peak intensity of CH3,ss is observed around 42°C (Fig. 3b ). The present temperature profile of the symmetric bilayer of DPPC on a fused quartz surface is exactly identical to that previously reported by Conboy et al. [27] [28] No temperature shift in the local maximum of the SFG signal was observed when a fused quartz substrate was used. These spectral changes should be undoubtedly associated with the phase transition process of the supported DPPC bilayer.
As discussed in Fig. 2 , the temperature dependent SFG spectral changes directly reflect the symmetric difference between the top and bottom leaflets of the supported bilayer. The local maximum in the SFG intensity profile indicates that the largest structure asymmetry between the two leaflets of the symmetric bilayer is generated at this temperature. In fact, the previously presented interpretation for stage III in Fig. 2 can be used to explain the present observation for the symmetric bilayer. However, we are still unable to conclude which model ( Fig.1 a-d) describes what really happened to the supported bilayer at the Tm.
To fully answer this question, the phase transition behaviors of the lipid bilayers will be further characterized by in situ AFM.
On the other hand, no peak attributed to the CH2 group was observed during the heating process (Fig. 3a) . This confirms again that the conformational ordering of the bilayer is fully maintained during the phase transition process as that in the asymmetric bilayer (Fig. 2) . It is interesting to note that the phase transition process occurs within a relatively wide temperature range. Similar phenomena were also found for the asymmetric DPPC bilayer (Fig. 2) . This is in agreement with previous studies on the supported bilayer, 24, [27] [28] [33] [34] [35] but different from a sharp phase transition process for lipid vesicles in solution (<1°C), 5, [16] [17] [18] implying the unique feature for the phase transition on the supported lipid bilayer system. 15 Figure 4 shows height mode AFM images (2 × 2 μm 2 ) of a supported DPPC bilayer deposited at 30 mN/m during a heating process from 25°C (gel phase) to 50°C (liquid phase).
Phase transition behavior of supported DPPC bilayers studied by AFM
The cross section profiles for these AFM images are given in Fig. S3 . The AFM image of a supported DPPC bilayer at 25°C (Fig. 4a) shows a wide flat terrace in the gel phase (denoted as the domain (i), same as below). A number of small holes with depths of ~5 nm, corresponding to the height of a well-defined supported DPPC bilayer, are observed and can be regarded as defects in the DPPC bilayer in the gel phase. 36, 54 The domain (i) dominates the supported bilayer surface when the temperature is low.
As the temperature is raised to 33°C, some new domain structures with lower heights (domain (ii), Fig. 4b ) appear on the extended bilayer surface in the gel phase (domain (i)). Domain (ii) is approximately 0.6 ± 0.2 nm lower than domain (i), and becomes wider at elevated temperature. The thickness of domain (ii) is ca. 4.4 nm. Similar features have also been previously reported by other groups. [34] [35] The AFM image at 40°C (Fig. 4c) shows that most of the supported DPPC bilayer surface is dominated by domain (ii) with only a small amount of domain (i). Furthermore, a very small amount of the lower domain structures starts to appear at this temperature (denoted as domain (iii), Fig. 4c ). In other words, three domains co-exist at this temperature. As the temperature is slightly raised to 41.5°C, domain (i) completely disappears and only domain (ii) and a very small amount of domain (iii) exist (Fig. 4d ). This indicates that the gel phase of domain (i) melts at this temperature (41±1°C). The repeated AFM observations indicated that the phase transition process from the gel phase to the new phase takes place over the wide temperature range from 33±1°C to 41±1°C.
As temperature is further raised, domain (iii) starts to increase (42.5°C, Fig. 4e ). 16 Domain (iii) expands with temperature. As shown in Fig, 4f (49°C) , domain (iii) dominates the bilayer surface. Domain (ii) completely disappears and only domain (iii) is present, indicating the full melting of the bilayer into domain (iii). Domain (iii) is approximately 0.6 ± 0.2 nm lower in height than domain (ii), and can be regarded as a fully melted lipid bilayer (i.e., liquid phase). The height difference is similar to that observed between domains (i) and (ii), implying that these changes may be associated with the structural changes in each individual leaflet. In other words, domains (ii) and (iii) correspond to the locally melting phase on the top and bottom leaflet, respectively. Thus the height of the fully melted DPPC bilayer (i.e., domain (iii)) is 5.0 -0.6 -0.6 = 3.8 nm. This value is in good agreement with a previous result by X-ray diffraction. 55 The phase change for domain (ii) to (iii) occurs in the temperature range of 7~8 o C.
Feng et al. previously reported similar AFM images of the supported lipid bilayers with the existence of three stages during the phase transition process and attributed it to the fact that the supported lipid bilayer sequentially melts with temperature over a wide temperature range as already discussed (Fig. 1b) . 35 Therefore, we propose that the supported DPPC bilayer melts step-by-step in the following stages: (1) both leaflets are in the gel phase as domain (i); (2) the top leaflet starts to melt to form domain (ii); and (3) the bottom leaflet starts to melt to form domain (iii).
These features are generally similar to recent AFM observations suggesting the "crack phase model" (Fig. 1b) . 33, 35, 41 It is interesting to note that pits and holes in the bilayer always appear on the supported DPPC bilayer surface in the gel phase (domain (i), see Fig. 4a-c) . Similar phenomena have also been observed on the supported lipid bilayers prepared by either LB method or vesicle fusion method. 30, 33, 35 It is noteworthy that these pits are observed only on the lipid bilayers in the gel-phase, but completely disappear in the liquid-phase when the temperature is higher than the Tm (see, for example, Figs. 4f and 4a ). Although these phenomena of pits and holes are widely observed, no real agreement has been reached for their formation mechanism. In fact, we could not see any defect on the first monolayer deposited on the same substrate. We tentatively suggest that the second layer of the DPPC bilayer could be transferred as a fluid-like phase from the air/water interface to the first layer of DPPC in the downstroke dipping process but reconstructed into the gel phase which leaves more free space as pits and holes. Due to the lower coverage density of the phospholipids in the fluid-phase than that in gel-phase, pits can be formed in the bilayer. 1 To further understand the melting mechanism of the supported DPPC bilayer, the populations of domains (ii) and (iii) at different temperatures were symmetrically evaluated from many independent AFM measurements. Figure 5a shows the fraction ( ) of domain (ii) (black squares, (ii)) and domain (iii) (red circles, (iii)) on the supported DPPC bilayer surface as a function of the temperature. The two melting stages of the bilayer can be clearly confirmed from the figure. (ii) appears from ca. 32°C and gradually increases with temperature. (ii) approaches 100% around 41°C. At the same time, (iii) starts to grow with temperature and finally reaches 100% around 48°C. During the second melting stage, (ii) decreases with the increase of (iii) while (ii) is considered as (1 -(iii)) which was not shown in Fig.5a . With the increasing temperature, the supported DPPC bilayer in the gel phase (domain (i)) stepwise melts from the top leaflet (domain (ii)) to the bottom leaflet (domain (iii)) over a wide temperature range from 32°C to 48°C. Domain (ii) can be considered as an important intermediate stage for the phase transition process. Next, we quantitatively analyze the phase transition of the supported DPPC bilayer in two stages, i.e.,
(1) melting of domains (i) to (ii), i.e., (ii): 0→100%; (2) melting of domains (ii) to (iii), i.e., (iii): 0→100%, by the van't Hoff equation. 34, 39, 41 Assuming that the standard melting enthalpy ( H) is independent of the temperature, according to the van't Hoff equation, we have ( )
where K is the equilibrium constant, /[(1-)-]. is a parameter correcting the pits on the bilayer surface. Both and at temperature T were determined by the AFM results shown in Fig. 5a . Figure 5b shows lnK for domains (ii) and (iii) and plotted as a function of 1/T.
Linear relationships between lnK and 1/T are found for the two processes, i.e., melting of the topmost layer (domain (i) → (ii)) and bottom leaflet (domain (ii) → (iii)). The solid lines in Fig. 5b are the fitted results based on the van't Hoff equation (1) . 
Comparison between SFG and AFM observations during the phase transition
As already described, the structural changes in the supported DPPC bilayers during its phase transition process has been investigated by both SFG and AFM observations. The two independent measurements have provided comprehensive information to understand the mechanism of the phase transition process. From the definition for domains (i), (ii) and (iii) in the AFM observations ( Fig. 4) , it is easy to know that the fraction of domain (ii), ii, should be the origin for the SFG signal from the symmetric bilayer of the DPPC. This fraction is directly associated with the asymmetry generated during the phase transition process of the symmetric bilayer.
21 Figure 6 shows ii (filled circles) and (ISFG) 1/2 , square root of the SFG intensity at 2878cm -1 , as a function of temperature. The square root of the SFG intensity at 2878 cm -1 is used since it is proportional to the population of the target species (i.e., DPPC in domain (ii)) based on the theory of SFG. [42] [43] [44] [45] [46] [47] It is interesting to note that the SFG profile fits well with the fraction domain (ii), i.e., ii. Both measurements of the AFM and SFG exhibit a maximum around 41°C, indicating that the two independent observations well correlate with each other. This confirmed that the SFG intensity directly depends on the fraction of domain (ii), which can generate the largest asymmetric feature, in the symmetric lipid bilayer (Fig. 1b) On the other hand, as shown in Figs. 4c and 4d , a very small amount of the bottom layer (<1%) is already melted (domain (iii)) before the top leaflet is fully melted. In fact, this situation is very similar to the domain size disparity model (Fig. 1d) proposed by Conboy et al.. [27] [28] In other words, the domain size disparity model can also contribute to the phase transition process of the supported DPPC bilayer but in a very small ratio.
Based these discussions, we propose that a fraction of domain (ii) will contribute to the SFG intensity. Schematic structural models for the supported bilayer are given as insets in Fig. 6 in each temperature region. We think the present model (i.e., crack model in Fig. 1b) is the most reasonable model to explain the phase transition process of the supported lipid bilayer.
It is worthwhile to note that the different substrates and solutions can also induce some different behaviors during the phase transition process for the lipid bilayers. In the present study, our SFG observations were mainly carried out on fused quartz and SiO2-coated CaF2 surface (even bare CaF2 surface) while AFM observations were carried out on the mica surface due to the experimental reasons. Although substrate may partially affect the phase transition temperature of the lipid bilayers, it is hard to consider that this can fully change the phase transition mechanism. It is known that a water thin-layer is always present between the hydrophilic substrate and lipid layer from the sample preparation, lipid molecules are expected to interact with substrate through the water thin-layer instead of direct chemical interaction. This considerably weakens the influence from the substrates used. Furthermore, as mentioned in Experimental, our AFM observations did not find any differences between pure water and Tris-buffer solution. Figures S4-S5 shows the decoupled phase transition behavior of DPPC bilayer in a water solution. Previous studies 23 have reported several influences of substrate and solution on the lipid bilayers. 40-41 56 Most of these works were carried out using the unsaturated lipids which can show more complicated behaviors 57 in comparison with the saturated lipid molecules used in the present study. Detailed experiments on the unsaturated lipid system are now in progress.
Conclusions
In the present study, the phase transition process of the supported DPPC bilayer has been systematically investigated by in situ SFG and AFM measurements. The SFG and AFM results showed very similar temperature-dependent profiles. The present study demonstrated that the top and bottom leaflets of the supported DPPC bilayer are sequentially melted over a wide temperature range during the phase transition process.
The phase transition enthalpy for the bottom leaflet is much higher than that for the top one, indicating an interaction of the lipid molecules with the substrate. The SFG and AFM results showed very similar temperature-dependent profiles. The current study provided important information about the dynamic mechanism of the phase transition for the supported lipid bilayers which can mimic the biomembrane.
Supporting Information
Details about the in situ SFG observations for the cooling process from the liquid to gel phase of the asymmetric bilayer are given. The calculation for the tilt angle of the alkyl chain of the lipids before the phase transition is described. Cross section profiles for the AFM images as well as AFM images/ domain fractions determined pure water for the DPPC bilayers during heating process are also given.
